12
INTRODUCTION
coverage of a population (Gantz and Bier, 2015; Hammond et al., 2016; Godfray et al., 2017; Noble et al., We first consider a simple system of linear dynamical equations. Let N g = H ∑ h=0 n gh b gh (1) denote the overall progeny output of strain g across all environments. Using primes to indicate one generation hence, n gh = αn gh b gh + (1 − α)N g x h .
(2)
The joint dynamics for genotype g across all host types can be written as a matrix projection recursion (Caswell, 2006) . Dropping the genotype subscript g, the recursion has form n = Mn
where n and n are (H + 1)-dimensional column vectors with hth element n h and n h , respectively. The 
In words, matrix element M hi describes the rate that individuals who originate 151 in patch type i contribute to the abundance in patch type h at the next time step. The densities of the 152 genotype g at any time t, n(t), can be computed as n(t) = M t n(0) (Caswell, 2006) .
153
With a sufficiently large b i j and n i j > 0, these equations allow the persistence of genotype i in patch j 154 even when x j = 0. This effect occurs because, once a patch is populated, it may continue in the absence 155 of further immigration. Because we interpret x j as the fraction of hosts of type j, we require x j > 0 for 156 any host type that harbors parasites. This condition is further imposed when enforcing a carrying capacity 157 (see below).
158
These equations allow unlimited population growth which can cause unrealistic dynamics at high 159 densities, so we sometimes choose to study a related model that imposes density regulation. We limit our 160 description of this version to the case of two patches and two strains for simplicity.
161
Introducing density regulation
162
To understand whether parasites persist or die out, dynamics at low population densities (characterized 163 by innate fecundities) should be sufficient to distinguish the two outcomes, at least deterministically.
164
However, when considering evolution of alternative genotypes in a persisting population, density reg-165 ulation may be important, especially because a small portion of the environment with cargo-free hosts 166 may be limited in how many parasites it can support -a small patch may allow parasite persistence but 167 have little impact on parasite numbers across the entire environment. We thus introduce a simple form of 168 patch-specific density regulation that will be used in some numerical trials of two patch types, 0 and 1.
169
Let K be the overall upper density limit for the environment and let K 0 = Kx 0 , K 1 = Kx 1 denote the 170 ceilings for patch 0 and 1, respectively. Let Π 1 = min{n 01 b 01 + n 11 b 11 , K 1 } be total parasite progeny 171 production emanating from patch 1, and Π 0 = min{n 00 b 00 + n 10 b 10 , K 0 } be the total parasite progeny 172 production from patch 0, each limited locally, without respect to regulation in the other patch type. The 173 extension to more than two patch types is straightforward.
174
To decide how overall parasite production in a patch is divided between two genotypes when progeny output is limited by carrying capacity, let p 11 = n 11 b 11 /(n 01 b 01 + n 11 b 11 ) denote the fraction of offspring that are strain 1 within patch 1, and p 01 = 1 − p 11 the fraction in patch 1 that are strain 0. Similarly, in patch 0 we have fractions p 10 = n 10 b 10 /(n 00 b 00 + n 10 b 10 ) and p 00 = 1 − p 10 . Accounting for mixing and assuming both genotypes are density-regulated the same, the total number of genotype 1 entering patch 1 is
and the total number of genotype 0 entering patch 1 is
Analogous equations apply to genotypes 0 and 1 entering patch 0. Note that mixing can lead to a 175 temporary violation of local carrying capacities when patches are repopulated by adults, but the capacity 176 limit is imposed again at the next round of reproduction.
177
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The growth or suppression of the parasite depends on whether the magnitude of the leading eigenvalue of M in eqn (3) exceeds 1 (density dependence can be ignored when addressing persistence). Although the characteristic equation is easily found, the leading eigenvalue (λ max ) of a genotype is tractable for arbitrary H only for the extremes of mass action (α = 0), and complete parasite isolation among host types (α = 1). For mass action,
As is well appreciated for mass action, parasite growth is just the weighted average fecundity across all 179 host types. Small levels of weak suppression (i.e., low values of x 0 despite possibly high values of b 00 ) 180 will not themselves enable parasite persistence except when parasite fecundity is extraordinarily high.
181
When more than one genotype has an eigenvalue greater than 1, density dependence will determine which 182 one prevails (see below).
183
With complete parasite separation across the host types (α = 1),
(λ max is associated with patch type 0 because cargo-free hosts are assumed to offer the highest fecundity 184 of all patches, regardless of genotype). Here, the parasites inhabiting each host type have their own 185 eigenvalue, and any host type with b gh > 1 will allow parasites of genotype g to persist in that patch type 186 (subject to competition among different parasite genotypes). In this extreme, the values of x h no longer 187 matter: even a small fraction of permissive hosts will allow the parasite to persist.
188
The question motivating our study is how sensitive parasite persistence is to α -the spatial structure 189 parameter. As the eigenvalue for several patch/host types is unwieldy, we start by reducing the problem to 190 just two patch types, g = 0 and 1 (fully permissive and fully blocking of wild-type); this reduction also 191 simplifies patch type abundances: x 0 + x 1 = 1. For this case, the largest eigenvalue is
The values of the eigenvalues for different fecundities in the two patch types are shown in Fig. 1 x 0 = 0.01 x 0 = 0.05 x 0 = 0.10 x 0 = 0.20 Figure 2 . Minimum fecundity in cargo-free hosts required for parasite persistence when the cargo causes complete inhibition, (b 01 = 0) from eqn (9)). The curves intersect α = 0 at b 00 = 1 x 0 . For α ≥ 0.6, there is little effect among these values of x 0 on the minimum fecundity. The horizontal line at b 00 = 1 indicates the minimum fecundity required for the parasite to persist in the absence of cargo, x 0 = 1. application (e.g., Gould and MacKenzie, 2002; Andersson and Hughes, 2012; Tabashnik and Gould, 2012; Figure 3 . Parasites even partially resistant to gene drive cargo are favored if the cost to cargo-free fecundity is not too severe. Each panel represents evolution of wild-type versus mutant alleles under a the set of parameter values given in the title; wild-type fecundity in cargo-bearing hosts (b 01 ) is zero in all panels. Each dot represents a different mutant allele whose fecundities (b 10 , b 11 ) are given by its coordinates. Green indicates that the wild-type was in a strong majority at the end of the trial, blue that the mutant was in a strong majority, and an intermediate color indicates that both alleles were moderately common. In the absence of competition from the mutant, the wild-type is capable of persisting for all conditions tested; its growth rate when rare is given as λ 0 in the panel, from eqn (9). Trials were run for 1000 generations in which both alleles started equally abundant in both patch types. Carrying capacity was 10 6 for all trials shown here.
